Sympatric speciation illustrates how natural and sexual selection may create new species in 25 isolation without geographic barriers. However, so far, all genomic reanalyses of classic 26 examples of sympatric speciation indicate secondary gene flow occurred. Thus, there is a need to 27 revisit criteria for demonstrating sympatric speciation in the face of widespread gene flow. We 28 summarize theoretical differences between sympatric speciation and speciation-with-gene-flow 29 models and propose genomic criteria for sympatric speciation: 1) timing of fine-scale 30 introgression; 2) timing of selective sweeps and 3) functional annotation of this introgressed 31 variation; and 4) the absence of similar sweeps in outgroups. Monophyly is an insufficient 32 criterion for sympatric speciation; we must take a locus-specific approach to investigate whether 33 any introgression contributed to reproductive isolation. 34 35 36 37 38 39 40 41 42 43 44 45 46 47 substantial preference variation either initially within the population or through secondary gene 92 flow [20,30,31]. 93 Any form of linkage disequilibrium among ecological and mate choice loci formed in 94 allopatry, whether due to physical linkage, selection, or drift, can tend to shift the initial starting 95 conditions of panmixia in favor of sympatric divergence [17]. However, linkage disequilibrium 96 without physical linkage subsides within a few generations after secondary sympatry and thus 97 may not allow sufficient time for the evolution of assortative mating within the population. In 98 contrast, pre-existing physical linkage among ecological loci has been shown to increase the 99 probability of divergence, especially when it captures already divergent alleles as is more likely 100 after allopatric divergence [32,33]. Similarly, physical linkage can cause preference and trait 101 alleles to mimic phenotype matching, although even tight linkage can break down over long 102 timescales (shown in a model with population structure: [34]). Segregating inversions in the 103 ancestral population are now well-known empirical examples of physical linkage promoting 104 divergence in sympatry [35-37]. Sympatric divergence is also limited by many other restrictive 105 conditions regarding the costs of female choosiness and strengths of disruptive selection and 106 assortative mating (Box 1). 107 Despite extensive searches for examples of sympatric speciation in the wild, there are few 108 convincing case studies due to the difficulty of ruling out historical allopatric scenarios (see 109 below) and the new difficulty of ruling out a role of introgression in speciation. Furthermore, the 110 role of magic traits or matching vs. preference/trait mechanisms is not fully understood in any 111 existing case study. Thus, we still have very limited empirical tests of an extensive theoretical 112 6 literature and diverse competing models of the notoriously difficult process of sympatric 113 speciation [24,27,28,[38][39][40][41][42].
What is sympatric speciation? 48 Sympatric speciation is the evolution of reproductive isolation within a single panmictic 49 population without the aid of any geographic isolation [1] . It represents the most extreme and effect ruling out scenarios 3 and 4 in favor of scenario 2 (Fig. 1 (speciation with gene flow models apply) versus sufficient time for recombination to break down 165 these haplotypes after a hybrid swarm and create panmictic conditions before the start of 166 divergence (sympatric speciation models apply) versus simply inflated ecological and preference 167 variation within a population due to hybrid swarm (gray area; sympatric speciation more likely 168 due to this initial gene flow). Here we propose and discuss new genomic criteria to help establish 169 or reject a functional role of secondary gene flow in the speciation process ( Fig. 1 ). This is 170 necessary to identify putative cases of the sympatric speciation process when gene flow appears 171 to be nearly universal in the wild, particularly among sympatric diverging populations. inversions [35, 81] or ancient balancing selection on regions containing multiple barrier loci 179 [82, 83] ). We suggest four major types of genomic analyses as new criteria to help identify 180 sympatric speciation with gene flow: 1) estimate the timing of introgression into sympatric sister 181 species relative to their divergence time, 2) infer the presence and timing of selective sweeps 182 within sympatric sister species, 3) annotate candidate adaptive introgression regions for 183 functional elements or trait associations that may be relevant to speciation, and 4) if closely 184 related non-speciating outgroups are available, confirm the lack of selective sweeps of these 185 regions in outgroups. Combining these statistics will aid in distinguishing where case studies fall 186 along the speciation with gene flow continuum and whether the starting conditions of panmixia 187 in sympatric speciation models will apply ( Fig. 1) . Estimating the duration of gene flow and the timing of introgression relative to the timing of 192 divergence between sympatric sister species will help distinguish between scenarios of sympatric 193 speciation, speciation with gene flow, and secondary contact. If populations diverged in 194 sympatry independent of any concurrent secondary gene flow (Scenario 2), we might expect to 195 see weak concordance of the timing of gene flow with divergence times among species. This 196 discordance could be in the form of discrete gene flow events that date well before or after 197 divergence times among species ( Fig 1A) . In the case of continuous gene flow from the time of 198 colonization to the present, more information about the functional role and selection on 199 introgressed regions will be needed.
200
The timing of introgression is also useful in ruling out other evolutionary phenomena that 201 can leave similar genomic signatures. The random or biased assortment of ancestral variation 202 among lineages during the speciation process can create similar phylogenetic patterns to 203 introgression resulting from secondary gene flow [82, 84] . Timing is important for differentiating 204 introgression from the sorting of ancient ancestral polymorphisms due to processes such as 205 balancing selection. For example, if genetic divergence in an introgressed region shared between 206 sister species is greater (e.g. elevated Dxy) than expected given divergence time between the 207 sister species, this pattern suggests differential sorting of ancestral variation and doesn't rule out 208 a scenario of sympatric speciation (Scenarios 1 & 2). If introgression after secondary contact did 209 occur, genetic divergence in these regions between recipient sister species should be lower than 210 expected given their divergence time. Increasingly sophisticated approaches for detecting fine- preferences (e.g., [31,119]), and search costs (e.g., [120]) must be met for it to occur.
322
Inferences from theoretical models predict that, under a scenario of speciation with gene 323 flow (Scenario 3), introgression can make the process of speciation much easier in three ways. 324 First, by introducing additional variation in ecological traits into the population, introgression 325 could potentially facilitate a branching process due to competition for resources (although we are 326 not aware of a model that assesses this precise situation, it can be inferred from the dynamics of 327 [9]). Second, introgression of novel alleles for mating preferences may provide a boost in 328 preference variation that could be an important trigger to aid the evolution of assortative mating 329 under a preference/trait mechanism, which requires preference variation to be large ([20,31]).
330
Indeed, we see exactly this pattern of secondary gene flow of olfactory alleles shortly before the 331 rapid divergence of a Cameroon cichlid radiation in Lake Ejagham [66] . Third, secondary 332 sympatry may lead to increased linkage disequilibrium between assortative mating and 333 ecological loci or among ecological loci. It seems logical that this might facilitate sympatric 334 speciation as this metric is often described as progress along the speciation continuum. However, 335 initial linkage disequilibrium has been shown not to matter much in at least some scenarios [8], 336 because without physical linkage, linkage disequilibrium will break down quickly. However, 337 physical linkage may enable these alleles to remain in association for a sufficient time for 338 assortative mating to evolve within the population (e.g., [34] ). Initial linkage disequilibrium may 339 also increase the probability of allelic capture by an inversion or for selection for new mutations 340 within the inversion that may affect both ecology and assortment [32] . Increased linkage 341 disequilibrium among ecological loci may also increase the probability of sympatric divergence, 342 but this is in effect similar to varying effect sizes of alleles at ecological loci (e.g. many small 343 effect alleles within a region resemble a large-effect locus [121-124]).
344
The fundamental difference between sympatric speciation and speciation with gene flow, 345 including secondary contact scenarios, lies in the fact that very often multiple equilibrium states one-species equilibrium is likely to be reached even when the intensity of assortment is high. 362 
When LD in the traits is initially large, as can be the case if there is initially divergence in

378
It remains unknown why regional and lineage diversity varies so greatly because there appears to 379 be no relationship with crater lake size or age (up to approximately 5 km diameter and 2 million 380 years old) until reaching the much larger sizes of the East African rift lakes ([135] , but also see 381 [134] ).
382
In contrast to claims in a recent review [70], the evidence for sympatric speciation with 383 secondary gene flow is rather consistently in favor and remarkably similar across all crater lake 384 cichlid radiations. In all cases examined with genomic data so far, secondary gene flow was 385 detected, but there was little evidence it came from substantial divergence in allopatry followed 386 by secondary contact. Instead, nearly all studies have concluded sympatric divergence with 387 periodic or continuous gene flow, frequently from an initial hybrid swarm population (i.e.
388
introgression from multiple outgroup populations; [54,63-65,68]). 389 We think that the best evidence for secondary gene flow as a trigger of sympatric 390 divergence in cichlids comes from a radiation of three Coptodon species in Lake Ejagham: 391 demographic analyses of whole genomes suggest that this population did not diversify for 8,000 Conditional random field: A statistical modeling approach similar to hidden Markov models 509 except that each hidden variable can be conditional on regional hidden variables, not just the 510 immediately previous one. 
